The cardiovascular effects of four different infusion rates (5, 10, 20 and 40 fxg kg-1 min" 1 ) of a 0.01% solution of sodium nitroprusside were studied in six anaesthetized dogs. The animals received IPPV with 50% nitrous oxide in oxygen under four sets of conditions: (a) with 0.6% halothane and normocapnia, (b) with 0.6% halothane and hypocapnia, (c) with 1.2% halothane and normocapnia, and (d) with 0.6% halothane and /S-adrenergic receptor blockade with propranolol 02 mg kg" 1 . Left ventricular pressure, aortic pressure and flow (electromagnetic flow transducer), pulmonary artery pressure, stroke volume, peak aortic blood acceleration and max LV dP/dt were measured. Aortic input impedance, the distribution of energy during ventricular ejection and (max LV dP/dt)/IP, were calculated. Sodium nitroprusside was found to have no adverse effect on myocardial contractility. Reduced left ventricular filling appears to preclude any increase in cardiac output despite an increase in heart rate and a marked reduction in the impedance to left ventricular ejection.
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. Left ventricular pressure, aortic pressure and flow (electromagnetic flow transducer), pulmonary artery pressure, stroke volume, peak aortic blood acceleration and max LV dP/dt were measured. Aortic input impedance, the distribution of energy during ventricular ejection and (max LV dP/dt)/IP, were calculated. Sodium nitroprusside was found to have no adverse effect on myocardial contractility. Reduced left ventricular filling appears to preclude any increase in cardiac output despite an increase in heart rate and a marked reduction in the impedance to left ventricular ejection.
The nitroprussides were first synthesized by Playfair (Sidgwick, 1950) and are used in qualitative chemical analysis. The administration of sodium nitroprusside (Na, Fe (CN), NO.2H,O) to animals was first reported by Hermann (1886) . Johnson (1929) noted the typical circulatory response to sodium nitroprusside (SNP) was a wellsustained fall in arterial blood pressure accompanied by tachycardia, an increase in leg volume and a reduction of cardiac volume. In animal experiments he noted that the heart muscle maintained its responsiveness to increases in blood pressure due to mechanical aortic compression, sciatic nerve compression and adrenaline injection during the induced hypotension. He concluded that the effects of sodium nitroprusside were due to a peripheral vascular dilatation which was independent of innervation and which in all respects was a typical nitrite response, although many times more efficient than sodium nitrite in depressor action.
Clinically, Johnson found SNP useful in treating hypertensive crises, and Page and colleagues (1955) and Gifford (1962) also found it of value in the emergency treatment of the encephalopathy of malignant hypertension. Nourok and colleagues (1963, 1964) used SNP to treat a patient with a phaeochromocytoma resistant to phentolamine and described its effective use for 21 days in the treatment of a patient with primary hypertension and secondary uraemia who was unresponsive to the usual drugs. Moraca and colleagues (1962) and Schlant, Tsagaris and Robertson (1962) used SNP during aortography to improve visualization of the renal vessels. The latter group also investigated changes in myocardial contractile force in dogs by using a strain gauge and found that a reduction in myocardial contractile force did not become evident until 60-90 sec after the fall in blood pressure had occurred. They concluded that the reduction in contractility was not a primary effect of sodium nitroprusside but was due to decreased cardiac filling due to the peripheral vascular pooling of blood. Apart from this work there has been little evidence of the action of sodium nitroprusside on the heart although Hollenberg, Carriere and Barger (1965) reported an increase in coronary artery blood flow in dogs. Tountas and colleagues (1965) in experiments on dogs maintained on a pump oxygenator also found this effect, but it occurred before depression of the systemic circulation became evident.
Considerable interest in the use of SNP to facilitate hypotension during anaesthesia was aroused following the favourable reports of Moraca et aL (1962) , Schiffman and Fuchs (1966) and Jones and Cole (1968) . Katz and Epstein (1968) used SNP during surgery of phaeochromocytoma not only because the excessive hypertension could be controlled but because it was possible to maintain the level of the blood pressure below the threshold at which arrhythmias occurred, so abolishing virtually all arrhythmias.
Taylor, Styles and Lamming (1970) used SNP in 83 cases of induced hypotension in conjunction with halothane to facilitate surgical procedures such as dacrocystorhinostomy, middle-ear surgery and trans-sphenoidal hypophysectomy, and MacRae (1971) used it in 40 cases for middle-ear surgery. The agent is of considerable interest in neuroanaesthetic practice for aneurysm surgery because not only is the onset of hypotension rapid but also the recovery of the blood pressure when the drug is discontinued occurs within a few minutes (Siegel, Moraca and Green, 1971) . For these reasons, and because there is no interference with the pupillary signs, SNP appears to be superior to trimetaphan and other ganglion blocking drugs.
The purpose of this study was to investigate the cardiovascular effects of SNP with special emphasis on cardiac contractility, and to relate these to four techniques which are commonly employed in clinical anaesthesia. These are (i) the maintenance of normocapnia with IPPV, (ii) the use of hyperventilation resulting in hypocapnia, (iii) the use of halothane to assist hypotension and (iv) the use of /3-adrenergic receptor blockade to abolish the tachycardia which may complicate induced hypotensive techniques.
METHODS
Six mongrel dogs (mean weight 18.7 kg, SD 2.5 kg) were anaesthetized with thiopentone (5 mg kg -1 ) and intubated. A standard form of anaesthesia (0.6% halothane in a 50% mixture of nitrous oxide and oxygen) was maintained. Constant volume IPPV with a Penlon Oxford Ventilator (Penlon Ltd, Abingdon, Berks.) was provided at a nominal tidal volume of 25 ml kg 1 and a rate of 12 per minute. An infra-red CO 2 analyser (Hartmann and Braun URAS 4) sampled gas continuously from the airway, and end-tidal Pco 3 was adjusted to as near 40 mm Hg as possible by adding carbon dioxide to the inspired gas mixture. The animals' oesophageal temperatures were measured with a digital thermistor thermometer and maintained within the range 36.5-38 C C by under-table heating. The electrocardiogram was recorded from standard limb leads.
Through a left lateral thoracotomy, an electromagnetic flow transducer (SEM 230 series, SE Laboratories) was implanted around the ascending aorta, and coupled to an electromagnetic flowmeter (type SEM 275, SE Laboratories). A short, stiff, wide-bore teflon cannula was inserted through the apex, into the left ventricular cavity and connected to a Statham P23De transducer. A Teflon catheter was inserted through the left carotid artery and advanced until its tip lay within the ascending aorta at the level of the flow transducer, and was also connected to a Statham P23De transducer. A similar catheter was inserted through the right ventricular infundibulum, and its tip advanced into the pulmonary artery. The chest was closed in layers.
The flowmeter output signal was integrated to give beat-by-beat estimates of stroke volume, and differentiated to give aortic blood acceleration. The derived stroke volume was calibrated in vivo against simultaneous estimates of stroke volume obtained by the dye-dilution technique. The maximum rate of rise of left ventricular pressure (max LV dP/dt) was obtained by differentiation of the left ventricular pressure signaL All these variables were recorded on an 8-channel ink-jet recorder (Elema-Schonander EM81).
Max LV dP/dt was divided by the instantaneous developed pressure in the left ventricle (IP) to give an index, (max LV dP/dt)/IP, which is a measure of changes in myocardial contractility as denned by Prys-Roberts and colleagues (1972) . In order to obtain measurements which were unaffected by respiratory variations, recordings were taken while IPPV was discontinued for a period of approximately 20 sec. The aortic flow and pressure traces were manually digitized and the information was transferred to punched cards for processing by digital computer (ICL 1906A, Oxford University Computing Laboratory). The computer was programmed to calculate the frequency-dependent aortic input impedance, peak aortic power, and the components of the total external work of the left ventricle. The details of the animal preparation, measurements and the computation of derived data have been given elsewhere (Prys-Roberts et aL, 1972; Gersch et al., 1972; Foex, 1973) .
Experimental protocol.
Following the surgical preparation, the animals were allowed to achieve a steady cardiovascular state over a period of at least 1 hour during which time the acid-base state of the animal was checked by analysis of arterial and mixed venous blood. Where necessary, adjustments of Picoj were made to maintain an arterial Pco 3 of 40 mm Hg, and the arterial pH was adjusted to 7.40 by infusions of 4.2% sodium bicarbonate.
From this control state, the haemodynamic responses of the animal to four infusion rates of sodium nitroprusside were studied. The sodium nitroprusside was made up freshly in 0.01% solution, and administered intravenously using a Palmer continuous infusion pump set to provide nominal infusion rates of 5, 10, 20 and 40 fig kg" 1 min"
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. The infusions were maintained for a period of 3-4 min, at which time a set of recordings was obtained, and arterial and mixed venous blood samples were taken for measurement of pH, Pco, and Po,. The duration of infusion was chosen as representative of a steady state since haemodynamic values were found to stabilize already after 2 min as confirmed in each experiment by inspection of a monitoring oscilloscope. Following the termination of each infusion, the cardiovascular variables were allowed to return to the preinfusion control state before starting a subsequent infusion.
After the responses to the four rates of infusion had been studied during normocapnia, the animal's Pco 2 was allowed to fall by withdrawing carbon dioxide from the inspired gas mixture. After a period of 20 min of hypocapnia (nominal Pa<x>i 23 mm Hg) a further set of responses to the four infusion rates of sodium nitroprusside was studied, following the same procedure as during the normocapnic phase. Subsequently, a state of normocapnia was re-established for a period of at least 20 min after the hypocapnic studies had been completed. The inspired halothane concentration was doubled to 1.2% during this period and when a steady cardiovascular state was established the haemodynamic responses to the four infusion rates of sodium nitroprusside were studied.
Finally, during this state of normocapnia the original halothane concentration of 0.6% was reestablished for a period of 20 min. After control measurements had been made, the beta-adrenergic receptors of the animals were blocked with propranolol (0.2 mgkg" 1 ) given in divided doses over a period of 5 min Responses to isoprenaline were tested only in one of this group of dogs because in previous studies involving more than 20 dogs, we had established that this dose of propranolol provides a consistent degree of beta-adrenergic blockade as estimated by shifts of the dose-response curves to isoprenaline. Thus the dose of propranolol used in the present study reduces the tachycardia evoked by 5 fig min" 1 of isoprenaline to less than 20% of the response in the unblocked animal. When beta-adrenergic receptor blockade was established, the responses to the four infusion rates of sodium nitroprusside were recorded.
RESULTS
The cardiovascular effects of four infusion rates of sodium nitroprusside (5, 10, 20, 40 table IV under the condition of normocapnia, 0.6% halothane but after administration of the adrenergic beta-receptor blocking drug propranoloL In the description of the results, the percentage changes refer to the highest dose; when two values are given, they refer respectively to the lowest and to the highest dose of sodium nitroprusside.
Mean arterial pressure.
Administration of SNP produced a significant reduction in mean arterial pressure under all situations studied. During normocapnia the reduction was 30% with the lowest dose and 44% with the highest dose. Slightly greater reductions, respectively 40% and 53%, were obtained when the inspired halothane concentration was doubled. Following beta-adrenergic receptor blockade the reduction in mean arterial pressure was 32% and 49% and during hypocapnia was 45% and 54%.
At the fastest infusion rate, the lowest mean arterial pressure (35 mm Hg) was observed during 1.2% halothane anaesthesia, and the highest mean arterial pressure (45 mm Hg) occurred with normocapnia and 0.6% halothane. However, the differ- Peak aortic blood acceleration (ml sec"
1 )
The values given are the means with standard deviation in brackets and the significance P is given for paired two-tailed Student's r-tests using the following symbols: *P<0.05; **P<0.01; ***P<0.005. The values given are the means with standard deviation in brackets and the significance P is given for paired two-tailed Student's t-tests using the following symbols: *P<0.05; **P<0.01; •**P<0.005. ence in the values of mean arterial pressure between any of the four conditions at any given infusion rate did not achieve statistical significance. The fall in arterial pressure in each condition was more marked when the infusion rate was increased; the initial infusion rate produced the greatest fall in mean arterial pressure, and higher infusion rates, even up to an eight-fold increase, produced only moderate further reductions.
Systemic vascular resistance (SVR).
The values for SVR in the control state were significantly greater during hypocapnia, betaadrenergic receptor blockade and in the presence of 1.2% halothane, than during normocapnia. At any of the four infusion rates, SVR was significantly reduced from the control level by SNP; the reduction was greatest during hypocapnia (40-60%) and least during normocapnia (26-39%). During the administration of sodium nitropnisside, the values observed at any given infusion rate were very similar in all four sets of conditions, ranging between 1592 and 1753 dynseccnr 3 . Although they were dose-dependent, the changes of systemic vascular resistance were largely developed during administration of the lowest dose of SNP.
Heart rate (HR).
A marked and significant rise of heart rate from 106 to 155 (i.e. 46%) beats min 1 occurred when SNP (40 /xg kg-1 min 1 ) was administered during normocapnia with 0.6% halothane. This tachycardia was also present during hypocapnia (41 % increase) and was partially prevented (25% increase) by doubling the inspired halothane concentration. Even after beta-adrenergic receptor blockade, a 23% increase of heart rate was still observed with the highest dose of sodium nitropnisside. In all sets of conditions, changes of heart rate were dosedependent.
Cardiac output and stroke volume.
There were significant differences for control values of cardiac output and stroke volume in each set of conditions. These differences were due to the effects of Pco, changes, halothane or betaadrenergic receptor blockade. The administration of increasing doses of SNP in each condition did not alter cardiac output from the respective control.
Stroke volume was reduced in all four conditions when SNP was administered. The greatest reductions (28-36%) were observed under normocapnic conditions where the greater increase in heart rate occurred. Conversely, the smallest reductions occurred during beta-adrenergic receptor blockade (13-24%).
Left ventricular end-diastolic pressure (LVEDP).
Administration of sodium nitropnisside resulted, for each set of conditions, in a significant fall in LVEDP by an average of 3 mm Hg.
Max LV dP/dt and aortic blood acceleration.
The highest control value for max LV dP/dt was observed during normocapnia, whereas in the other sets of conditions the values were significantly lower. Administration of SNP produced a dosedependent decrease of max LV dP/dt. The reduction was more marked during normocapnia (23-34%) and thus, with increasing doses of SNP, values for max LV dP/dt tended to fall within the same range regardless of the set of conditions.
For the control states, peak aortic blood acceleration was at its highest during normocapnia and was significantly less in other conditions. The dosedependent reductions following administration of SNP were more marked in normocapnia (26-41%) and less marked in the presence of 1.2% halothane (17-23%).
(Max LV dP/dt)/IP.
The values for this index of contractility did not differ significantly in the four sets of conditions during the control periods, and were not modified by SNP at any of die dose levels studied.
Pulmonary arterial pressure and resistance.
After administration of SNP, mean pulmonary arterial pressure was reduced by 3 mm Hg from an average control value of 10 mm Hg except under beta-adrenergic receptor blockade where the control value was 12 mm Hg and the reduction due to SNP was 5 mm Hg.
Although the control values for pulmonary vascular resistance were lower with normocapnia (312 dyn sec cm 5 , SD 168) than in the other conditions by an average of 130 dynseccnr 5 , these differences were not statistically significant. Administration of SNP did not result in any consistent alteration of pulmonary vascular resistance.
Aortic input impedance.
Estimates of the frequency-dependent components of aortic input impedance have been com- 
<0.005
The values given are means with standard deviations in brackets and the significance P given for paired two-tailed Student's t-tests.
was due to that of the steady component of left ventricular work. The ratio of pulsatile to total work increased significantly when SNP was administered; the increase was 3.6% under normocapnia and 10.2% under hypocapnia.
DISCUSSION
The haemodynamic responses to infusions of sodium nitroprusside can be discussed in terms of the relationship between myocardial contractility and left ventricular preload and afterload. Sodium nitroprusside did not modify the contractile state of the myocardium, as judged by the absence of significant changes of (max LV dP/dt)/ IP, an index of myocardial contractility introduced by Veragut and Rrayenbuhl (1965) and which has been shown to be independent of both preload and afterload (Gersh, 1970; Prys-Roberts et al., 1972) . Ross and Cole (1973) approached the problem using a Walton-Brodie strain gauge arch on the left ventricle and concluded that sodium nitroprusside did not affect myocardial contractility. Ventricular wall strain gauges measure contractile force, a variable which is influenced not only by changes in myocardial contractile state, but also by changes in die resting fibre length (the FrankStarling mechanism) which are represented in the intact heart by changes in ventricular end-diastolic volume and pressure. Thus the delayed changes in contractile force observed by Schlant and colleagues (1962) reflect the secondary decrease in left ventricular filling which we have also observed. These changes emphasize the inadequacy of several Indices of ventricular function (contractile force, max LV dP/dt, aortic blood acceleration, peak LV power, peak aortic flow) in distinguishing between changes in myocardial contractile state and changes due to alterations in ventricular filling (Wallace, Skinner and Mitchell, 1963; Mason, 1969; Gersh, 1970; Taylor, 1970) .
Since pressure and flow in arteries are pulsatile, the opposition to Wood flow is most accurately described by hydraulic input impedance, the complex ratio of pulsatile pressure to pulsatile flow (McDonald and Taylor, 1959; Attinger, Ann6 and McDonald, 1966) and thus the opposition to left ventricular ejection should be expressed by aortic input impedance. In the present study, the impedance at zero frequency, being representative of the opposition to mean blood flow (that is, equivalent to systemic vascular resistance), was markedly reduced by infusions of SNP, particularly when the resistance was high prior to its administration, as occurred during hypocapnia and after betaadrenergic blockade with propranolol. It must be noted, however, that characteristic impedance was increased during the administration of SNP thus indicating that the energy cost to the left ventricle of maintaining pulsatile flow was proportionally increased. Under normal circumstances, the ratio of pulsatile to total work in the aorta is low and this is associated with low characteristic impedance; the left ventricle is effectively "decoupled" from the load imposed by the peripheral vessels (OTtourke, 1967) . During marked arteriolar dilatation with SNP or trimetaphan characteristic impedance has been found to increase. Thus when hypotension is induced by widespread arteriolar dilatation, it is achieved at some slight loss of efficiency in the coupling of the left ventricle and its load. The increased distensibility of the arterial bed accounts for the marked changes in die profile of the arterial pressure pulse which are observed during SNP-induced hypotension, mat is, the loss of the normal dicrotic notch and run-off of arterial diastolic pressure.
Where the contractile state of the myocardium is unaltered and the load opposing left ventricular ejection is reduced, an increase of stroke volume and cardiac output would be predicted provided that the filling pressure of the left ventricle is maintained. This expectation is fulfilled by the report of Franciosa et aL (1972) , showing an improvement in cardiac output under the effect of SNP in 8 patients from a group who had suffered acute myocardial infarction. They administered sodium nitropmsside with the aim of producing mild vasodilatation, not deliberate hypotension as in this study. The average fall of mean arterial pressure was only 16.2 mm Hg, however the filling pressure of the left ventricle was reduced from an abnormally high mean value of 22.7 mm Hg to a mean of 11.3 mm Hg by sodium nitroprusside. This application of SNP to reduce ventricular load in patients with severe ischaemic heart disease is paralleled by the experience of Kouchoukos, Sheppard and Kirklin (1972) who used trimetaphan to improve impaired cardiac performance in patients recovering from open intracardiac surgery. In both these situations, elevation of aortic impedance impairs ventricular emptying (Ross and Braunwald, 1964; Prys-Roberts et al., 1972) and the resultant increase in both myocardial work and subendocardial ischaemia (Holsinger and Eliot, 1972 ) may lead to further impairment of coronary filling, further myocardial ischaemia and impaired pumping function of the ventricle. In this respect it would seem that SNP would be a suitable agent to use because in addition to decreasing left ventricular load and thus the myocardial work, it causes an increase in coronary blood flow despite the decrease in aortic diastolic pressure (Hollenberg, Carriere and Barger, 1965; Tountas et aL, 1965; Katz, R. C, personal communication) . Manzin et al. (1970) observed that the hypotensive response to SNP was decreased in dogs in a 20* antiTrendelenburg position compared with those placed horizontally. Consistent reductions of central venous pressure have been reported when hypotension has been achieved with sodium nitroprusside both in awake and anaesthetized patients (Wildsmith et aL, 1973; Styles, Coleman and Leary, 1973) . We found a marked reduction of left ventricular end-diastolic pressure which occurred even after beta-adrenergic blockade had been induced with propranolol (0.2 mgkg" 1 ). Reductions of both left ventricular enddiastolic pressure and of central venous pressure suggest that the volume of the capacitance vessels may increase during infusions of SNP resulting in peripheral pooling. When the ventricular filling becomes greatly impaired, the reduction in the afterload due to SNP does not necessarily result in an increased stroke volume even though the myocardial contractility is unaltered. In the present study, cardiac output was only maintained because heart rate increased. This increase of heart rate cannot be accounted for by the development of hypoxia since arterial and mixed venous Po, were essentially unchanged during administration of sodium nitroprusside (table VI). The increased heart rate was still observed after the administration of propranolol, which suggests that the effect was not due to stimulation of the sympathetic nervous system. Ross and Cole (1973) used even larger doses of propranolol (0.7 mg kg" 1 ) and found increases in heart rate which were not statistically significant, but this was probably because they tended to use a different dose of SNP for each dog. The values given are means with standard deviation in brackets and the significance P is given'for paired two-tailed Student's t-tests (*P<0.05; **P<0.01; ***P<0.005).
A possible explanation for the increase in heart rate that followed sodium nitroprusside under betaadrenergic receptor blockade is that sodium nitroprusside caused an inhibition of vagal tone: this view can be substantiated by the fact that heart rate under beta-adrenergic receptor blockade and sodium nitroprusside did not exceed the mean intrinsic heart rate (123 beats min 1 ) found in previous studies in this department using similar dogs which had been subjected to both vagotomy and sympathectomy (Gersh, 1970) . However, another possibility which has not yet been explored is that of a direct action of sodium nitroprusside on the pacemaker tissue of the heart. Sir,-I have read with interest the article by Baird and Hailey (BT. J. Anaesth. (1973) , 45, 546) on the blood diazepam levels after intramuscular administration of the drug. I have found a slow rate of absorption following the intramuscular injection of 5 or 10 tog of diazepam (Diapam or Tensopam) (Unpublished results, 1974) . The results were similar to those of Gamble, Mackay and Dundee (1973) . Following the 10-mg intramuscular dose, the plasma levels of diazepam and its major metabolite, N-desmethyldiazepam were about i-i of those found by Baird and Hailey. Following the oral administration of 5 or 10 mg of diazepam (Diapam 5 mg or Tensopam 10 mg), the plasma concentrations of diazepam were found to be 2-5 times higher than those following intramuscular administration. There was no significant difference in the amount of the two metabolites of diazepam, N-desmethyldiazepam, and free oxazepam, after the administration by these routes.
We have measured the plasma concentrations of diazepam following the intramuscular administration of a 10-mg dose to patients during labour (Kanto, Erkkola and Sellman, 1973) . There was no difference in plasma concentrations of diazepam compared with those found in normal subjects, implying that delivery has no influence on the rate of absorption of diazepam as has been suggested by Gamble, Mackay and Dundee (1973) . Figure 1 shows the plasma concentrations of the drug following the oral and intramuscular administration of diazepam 5 mg given in the form of Diapam and in the form of Stesolid (a new preparation containing a different solvent, marketed by Dumex). Data have been collected on 10 healthy volunteers (5 men and 5 women, mean age 27 years). Plasma concentrations of diazepam and its metabolites have been measured gaschromatographically with a 5S Ni-clectron capture detector (Erkkola, Kangas and Pekkarinen, 1973) . The oral administration test was performed after a night's fast and the intramuscular administra'ion test following a light breakfast.
Following oral administration, absorption was rapid and regular. In contrast, absorption was slower following intramuscular injection and the peak plasma concentration was significantly lower. After the intramuscular administration of Sresolid rhere was a significantly higher plasma diaz-pam concentration for 1-3 hours than after Diapam in which tht solvent is the same as for Valium. A major difference in the solvent constituents of the two preparations is that Stesolid contains Cremophor and possible allergic reactions should be taken into consideration.
All the volunteers experienced pain and soreness in the injection area for several hours following Diapam whereas following a Stesolid injection only 5 of the 10 volunteers noted some tenderness at the site of injection for about 10-20 minutes. From these results we would suggest that diazepam should be given orally whenever possible.
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